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Abstract: Bitter	 perception	 is	 mediated	 by	 G	 protein-coupled	 receptors	 TAS2Rs	








cases,	 TAS2R38	was	 sensitive	 to	 PTC,	with	 functional	 divergence	 among	 species.	
We	observed	different	truncated	TAS2R38s	that	were	not	responsive	to	PTC	in	each	
species	of	Macaca nigra	and	M. nigrescens	due	to	premature	stop	codons.	Some	vari-
ants	of	 intact	TAS2R38	with	an	amino	acid	substitution	showed	 low	sensitivity	 to	
PTC	in	M. tonkeana.	Similarly,	this	intact	TAS2R38	with	PTC-low	sensitivity	has	also	





K E Y W O R D S
adaptation,	allopatric	species,	bitter	taste	receptor,	Sulawesi	macaque,	TAS2R38
10388  |     WIDAYATI eT Al.
1  | INTRODUC TION
Bitter	 taste	 perception	 is	 important	 for	 avoiding	 the	 ingestion	 of	
toxins	 by	 inducing	 innate	 avoidance	 behavior	 in	 mammals	 and	 is	
mediated	 by	 the	 G	 protein-coupled	 receptors	 TAS2Rs,	 expressed	
in	 the	 membranes	 of	 sensory	 cells	 (Chandrashekar,	 Hoon,	 Ryba,	
&	 Zuker,	 2006;	 Chandrashekar	 et	 al.,	 2000).	 TAS2Rs	 are	 also	 ex-
pressed	 in	 extra-oral	 cells	 and	may	 have	 roles	 in	 innate	 immunity	
(Lee	et	al.,	2012;	Shaw	et	al.,	2018).	One	of	the	best-studied	TAS2Rs	





in	PTC	 sensitivity	 have	been	 studied	previously	 (Kim	et	 al.,	 2003;	












Some	 studies	 have	 suggested	 that	 geographical	 separation	
enabled	 the	 independent	 divergence	 of	 TAS2R38	 and	 bitter	 taste	
perception	 (Campbell	 et	 al.,	 2011;	Hayakawa	 et	 al.,	 2012;	 Suzuki-




F I G U R E  1  Photographs	of	Sulawesi	
macaques:	M. tonkeana	(a),	M. hecki	(b),	
M. nigra	(c),	and M. nigrescens	(d)
(a) (b)
(c) (d)








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































     |  10391WIDAYATI eT Al.
PTC-non-sensitive	 haplotype	 has	 been	 found	 in	 only	 one	 specific	
area	(Hayakawa	et	al.,	2012;	Suzuki-Hashido	et	al.,	2015).







example,	 M. tonkeana	 occasionally	 consumes	 Antidesma bunius,	
while	there	are	no	reports	of	other	Sulawesi	macaques	consuming	
this	 fruit.	M. nigra	also	consumed	Dracontomelum dao,	unlike	other	
Sulawesi	macaques	(O'Brien	&	Kinnaird,	1997;	Riley,	2007).
A	notable	 feature	of	 Sulawesi	 Island	 is	 that	 it	 comprises	 three	
major	 tectonic	 subdivisions,	 two	 that	 originated	 in	 the	 Asian	 and	
Australian	 continental	margins	 and	 one	 that	 emerged	 by	 orogeny	
due	to	the	tectonic	collision	between	two	plates	 (Spakman	&	Hall,	























that	were	 soaked	 overnight	 in	 test	 solution	 (2	mM	PTC	 in	water;	







Research	 and	 Community	 Service	 Institute,	Ministry	 of	 Research,	
Technology	 and	 Higher	 Education,	 Bogor	 Agricultural	 University	
(Permission	number	no.	35-2016	IPB).
2.2 | Genotyping of TAS2R38











Primers	 described	 in	 a	 previous	 study	 Mm-TAS2R38-F,	 Mm-
TAS2R38-R,	 Mm-TAS2R38_inner-F,	 and	 Mm-TAS2R38_inner-R	
(Suzuki-Hashido	 et	 al.,	 2015)	 were	 used	 to	 amplify	 and	 sequence	
the	entire	coding	region	of	the	TAS2R38	gene	from	each	DNA	sam-
ple.	 Amplification	 of	 TAS2R38	 was	 performed	 using	 ExTaq	 DNA	
Polymerase	(Takara	Bio	Inc.)	by	PCR	using	the	following	conditions:	
initial	 denaturation	 at	 94°C	 for	 10	min,	 45	 cycles	 of	 denaturation	
at	94°C	for	10	s,	annealing	at	56°C	for	30	s,	and	extension	at	72°C	
for	 1	min,	 followed	 by	 a	 final	 extension	 at	 72°C	 for	 10	min.	 PCR	
products	were	sequenced	using	BigDye	Terminator	v.	3.1	 (Applied	
Biosystems),	 and	 the	 sequencing	 products	 were	 separated	 by	
capillary	 electrophoresis	 using	 a	 3130	 Genetic	 Analyzer	 (Applied	
Biosystems).
2.3 | TAS2R38 population and sequence analyses
Multisite	 haplotypes	 were	 constructed	 from	 sequence	 data	 using	
DnaSP	v.	5.1	(Librado	&	Rozas,	2009).	The	genealogical	relationships	
among	 haplotypes	 were	 constructed,	 rooted	 with	 the	 TAS2R38	
sequence	 of	 the	 hamadryas	 baboon	 (Papio hamadryas;	 Accession	
number	AY724835.1),	pig-tailed	macaque	(M. nemestrina;	JQ272210	
and	seven	individual	samples	from	Sumatera),	and	one	individual	of	
M. fascicularis	 using	 the	 median-joining	 algorithm	 implemented	 in	
NETWORK	v.	5	(Bandelt,	Forster,	&	Röhl,	1999).
2.4 | Functional assay of TAS2R38





rhodopsin	as	an	epitope	 tag.	The	 tagged	TAS2R38s	were	 inserted	
into	 the	mammalian	 expression	 vector	pEAK10	 (Edge	BioSystems,	
Inc.)	and	transiently	transfected	to	HEK293T	cells	with	Gα16-gust44	
using	Lipofectamine	2000	(Life	Technologies,	Inc.).
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177
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299 300
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A A C C A G T C G G T C C G C A A C G C A T G C G T C A A A C
Hap_02 M. hecki; 
M. nigra; 
M. nigrescens
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_03 M. hecki . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_04 M. hecki . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . .
Hap_05 M. tonkeana . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
B Hap_06 M. nigra . . . . G . . . . . . . . A . . . . . . * * * . . . . . . . .
C Hap_07 M. nigrescense . . . . . . . . . . . . . . T . . . . . . . . T . . . . . . .
D Hap_08 M. hecki . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . .
E Hap_09 M. hecki . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . .
Hap_10 M. hecki . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . .
F Hap_11 M. hecki; 
M. nigra; 
M. nigrescens
. . . . . . . . . . . . . . . . . . . . . . . T . . . . . . .
G Hap_12 M. hecki . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . .
H Hap_13 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
I Hap_14 M. hecki; 
M. tonkeana
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
J Hap_15 M. tonkeana . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
K Hap_16 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
L Hap_17 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
M Hap_18 M. tonkeana . . . . . . . T . . . . T . . . . . . . . . . . . . . . . . .
N Hap_19 M. tonkeana . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . .
O Hap_20 M. hecki; 
M. nigra; 
M. nigrescens
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_21 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
P Hap_22 M. tonkeana . . . . . . . . . . . . . . . . . . A . . . . . . C G G . . .
Q Hap_23 M. tonkeana; 
M. nemestrina
. . . . . . . . . . . . . . . . . . . . . . . . . C . G . . .
R Hap_24 M. tonkeana . . . . . . . . . . . . . . . . . . . . . . . . . C G G . . .
S Hap_25 M. tonkeana . . . . . . . . . . . . . . . . . . . . . . . . . C G G . . .
T Hap_26 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_27 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_28 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
U Hap_29 M. nigrescense . . . . . . . . . * * . . . . . . . . . . . . . . . . . . . .
MnA Hap_30 M. nemestrina . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnB Hap_31 M. nemestrina . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnC Hap_32 M. nemestrina . . . . . . . . . . . . . . . . . . . . . . . . . . . G G . .
MnD Hap_33 M. nemestrina . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnE Hap_34 M. nemestrina . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnF Hap_35 M. nemestrina . . . A . . . . . . . G . . . . . . . . . . . . . . . G . . .
MfasA Hap_36 M. fascicularis . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
MfasB Hap_37 M. fascicularis . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
Paha Hap_38 Papio 
hamadryas
G . . A . . A . . . . . . . . . . . . T . . . . . . . G . C T
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Hap_02 M. hecki; 
M. nigra; 
M. nigrescens
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_03 M. hecki . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_04 M. hecki . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . .
Hap_05 M. tonkeana . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
B Hap_06 M. nigra . . . . G . . . . . . . . A . . . . . . * * * . . . . . . . .
C Hap_07 M. nigrescense . . . . . . . . . . . . . . T . . . . . . . . T . . . . . . .
D Hap_08 M. hecki . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . .
E Hap_09 M. hecki . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . .
Hap_10 M. hecki . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . .
F Hap_11 M. hecki; 
M. nigra; 
M. nigrescens
. . . . . . . . . . . . . . . . . . . . . . . T . . . . . . .
G Hap_12 M. hecki . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . .
H Hap_13 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
I Hap_14 M. hecki; 
M. tonkeana
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_21 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
P Hap_22 M. tonkeana . . . . . . . . . . . . . . . . . . A . . . . . . C G G . . .
Q Hap_23 M. tonkeana; 
M. nemestrina
. . . . . . . . . . . . . . . . . . . . . . . . . C . G . . .
R Hap_24 M. tonkeana . . . . . . . . . . . . . . . . . . . . . . . . . C G G . . .
S Hap_25 M. tonkeana . . . . . . . . . . . . . . . . . . . . . . . . . C G G . . .
T Hap_26 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_27 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_28 M. nigra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
U Hap_29 M. nigrescense . . . . . . . . . * * . . . . . . . . . . . . . . . . . . . .
MnA Hap_30 M. nemestrina . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnB Hap_31 M. nemestrina . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnC Hap_32 M. nemestrina . . . . . . . . . . . . . . . . . . . . . . . . . . . G G . .
MnD Hap_33 M. nemestrina . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnE Hap_34 M. nemestrina . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
MnF Hap_35 M. nemestrina . . . A . . . . . . . G . . . . . . . . . . . . . . . G . . .
MfasA Hap_36 M. fascicularis . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
MfasB Hap_37 M. fascicularis . . . A . . . . . . . . . . . . . . . . . . . . . . . G . . .
Paha Hap_38 Papio 
hamadryas
G . . A . . A . . . . . . . . . . . . T . . . . . . . G . C T
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C – A C T G C A G G T A C G C T G C G C G A C T G G G C C T G
Hap_02 M. hecki; 
M. nigra; 
M. nigrescens
. – . . . . . . . . . . . A T . . . . . . . . . . . . . . . .
Hap_03 M. hecki . – . . . . . . . . . . . . . . . . . T . . . . . . . . . . .
Hap_04 M. hecki . – . . . . . . . . . . . . . . . . . T . . . . . . . . . . .
Hap_05 M. tonkeana . – . . . . . . . . . . . T . . . . . . . . . . . . . . . . .
B Hap_06 M. nigra . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
C Hap_07 M. nigrescense . – . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
D Hap_08 M. hecki . – . . . . . . . . . . . A T . . . . . . . . . . . . . . . .
E Hap_09 M. hecki T – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_10 M. hecki . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
F Hap_11 M. hecki; 
M. nigra; 
M. nigrescens
. – . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
G Hap_12 M. hecki . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
H Hap_13 M. nigra . – . . . . . . . A C . T . . . A . A . . . . . . A A . . . .
I Hap_14 M. hecki; 
M. tonkeana
. – . . . . . . . . . . T . . . . . A . . . . . . . . . . . .
J Hap_15 M. tonkeana . – . . . . . . . . . . T . . . . . . . . . . C . . . . . . .
K Hap_16 M. nigra . – . . . . . . . . . . . . . . . . . . . C G . . . . . . . .
L Hap_17 M. nigra . – . . . . . . . . . . . . . . A . A . . . . . . A . . . . .
M Hap_18 M. tonkeana . – . . . . . . . . . . . . . . . T . . . . . . A . . . . . .
N Hap_19 M. tonkeana . – . . . . . . . . . . . . . . . . . . . . . . A . . . . . .
O Hap_20 M. hecki; 
M. nigra; 
M. nigrescens
. – . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
Hap_21 M. nigra . – . . . . . . . . . . . . . . . . . . . . . . . . . . . C A
P Hap_22 M. tonkeana . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Q Hap_23 M. tonkeana; 
M. nemestrina
. – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
R Hap_24 M. tonkeana . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
S Hap_25 M. tonkeana . – . . . . . . . . . . . . . . . . . . C . . . . . . . . . .
T Hap_26 M. nigra . G . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
Hap_27 M. nigra . G . . . . . . . . . . . . . . . . . . . . G . . . . . . . .
Hap_28 M. nigra . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
U Hap_29 M. nigrescense . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnA Hap_30 M. nemestrina . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnB Hap_31 M. nemestrina . – . . G . . . . . . . . . . . . . . . . . . . . . . . . . .
MnC Hap_32 M. nemestrina . – * * . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnD Hap_33 M. nemestrina . – . . . * * . . . . . . . . . . . . . . . . . . . . . . . .
MnE Hap_34 M. nemestrina . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnF Hap_35 M. nemestrina . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MfasA Hap_36 M. fascicularis . – . . . . . . . . . . T . . . . . . . . . . . . . . . . . .
TA B L E  2   (Continued)












A569C G608A G698A T717C A748G C771T G772A,T C806T T810G G884A C885T G887A C907T G910C A926C C935G T936C G944A G949A G968A C973T C993T T996C G997A
Amino acid 
change C161C T172T N190H V203I D233N L239P I250V A257V I258I L269L L270L A295T,V A295T,V V296I K303N L304L T309T L295P;V L295P;V A315T S317S A323T H325H T331I L332P C333C
Species 483 492 516 568 607 697 716 748 770 771 805 810 883 884 886 906 909 925 934 935 943 948 967 972 992 995 996




C – A C T G C A G G T A C G C T G C G C G A C T G G G C C T G
Hap_02 M. hecki; 
M. nigra; 
M. nigrescens
. – . . . . . . . . . . . A T . . . . . . . . . . . . . . . .
Hap_03 M. hecki . – . . . . . . . . . . . . . . . . . T . . . . . . . . . . .
Hap_04 M. hecki . – . . . . . . . . . . . . . . . . . T . . . . . . . . . . .
Hap_05 M. tonkeana . – . . . . . . . . . . . T . . . . . . . . . . . . . . . . .
B Hap_06 M. nigra . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
C Hap_07 M. nigrescense . – . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
D Hap_08 M. hecki . – . . . . . . . . . . . A T . . . . . . . . . . . . . . . .
E Hap_09 M. hecki T – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hap_10 M. hecki . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
F Hap_11 M. hecki; 
M. nigra; 
M. nigrescens
. – . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
G Hap_12 M. hecki . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
H Hap_13 M. nigra . – . . . . . . . A C . T . . . A . A . . . . . . A A . . . .
I Hap_14 M. hecki; 
M. tonkeana
. – . . . . . . . . . . T . . . . . A . . . . . . . . . . . .
J Hap_15 M. tonkeana . – . . . . . . . . . . T . . . . . . . . . . C . . . . . . .
K Hap_16 M. nigra . – . . . . . . . . . . . . . . . . . . . C G . . . . . . . .
L Hap_17 M. nigra . – . . . . . . . . . . . . . . A . A . . . . . . A . . . . .
M Hap_18 M. tonkeana . – . . . . . . . . . . . . . . . T . . . . . . A . . . . . .
N Hap_19 M. tonkeana . – . . . . . . . . . . . . . . . . . . . . . . A . . . . . .
O Hap_20 M. hecki; 
M. nigra; 
M. nigrescens
. – . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
Hap_21 M. nigra . – . . . . . . . . . . . . . . . . . . . . . . . . . . . C A
P Hap_22 M. tonkeana . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Q Hap_23 M. tonkeana; 
M. nemestrina
. – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
R Hap_24 M. tonkeana . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
S Hap_25 M. tonkeana . – . . . . . . . . . . . . . . . . . . C . . . . . . . . . .
T Hap_26 M. nigra . G . . . . . . . . . . . . . . . . . . . . . . . . . . . C .
Hap_27 M. nigra . G . . . . . . . . . . . . . . . . . . . . G . . . . . . . .
Hap_28 M. nigra . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
U Hap_29 M. nigrescense . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnA Hap_30 M. nemestrina . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnB Hap_31 M. nemestrina . – . . G . . . . . . . . . . . . . . . . . . . . . . . . . .
MnC Hap_32 M. nemestrina . – * * . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnD Hap_33 M. nemestrina . – . . . * * . . . . . . . . . . . . . . . . . . . . . . . .
MnE Hap_34 M. nemestrina . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MnF Hap_35 M. nemestrina . – . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MfasA Hap_36 M. fascicularis . – . . . . . . . . . . T . . . . . . . . . . . . . . . . . .
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The	 phenylthiocarbamide	 was	 dissolved	 in	 assay	 buffer	


























to	2	mM	PTC-soaked	apples.	Macaca hecki	 ate	 control	 apple	 slices	






two	 individuals	 of	M. nigra,	 and	one	 individual	 of	M. nigrescens	 ate	
both	 PTC-treated	 apples	 (80%–100%)	 and	 control	 apples	 (100%;	
Prop.Test,	p	 >	 .05).	Other	 individuals	 accepted	 some	proportion	of	






From	 59	 individuals	 (including	 additional	 nucleotide	 sequences	 of	
five	individuals	of	M. hecki),	we	identified	29	alleles	based	on	com-
binations	of	 eight	 synonymous	 and	23	nonsynonymous	mutations	
and	 three	 insertion	 and	 deletion	 mutations	 (Table	 2),	 designated	
h_01–h_29.	The	alleles	encoded	21	different	TAS2R38	amino	acid	










Individuals	 that	 were	 homozygous	 for	 nonsensitive	 alleles	
showed	 high	 PTC	 acceptance	 rates,	 while	 individuals	 with	 sensi-
tive	alleles	 showed	very	 low	PTC	acceptance	 rates.	However,	one	
individual	 of	 M. nigra	 with	 homozygous	 nonsensitivity	 alleles	 re-
jected	PTC	and	some	homozygous	and	heterozygous	individuals	of	
M. tonkeana	 showed	 variation	 and	 intermediate	 responses	 to	 PTC	
(Figure	 3).	 These	 findings	 were	 similar	 to	 observations	 of	 human	
TAS2R38	 genotypes	 and	 behavioral	 responses	 and	 prompted	 us	
to	 examine	 the	 protein	 function	 (Bufe	 et	 al.,	 2005).	We	 analyzed	
noncoding	sequences	from	exome	data	to	evaluate	the	relatedness	
among	 the	 subject	 animals.	We	 found	 no	 difference	 between	 the	




We	 evaluated	 receptor	 activity	 by	 in	 vitro	 functional	 assays	 of	
several	 TAS2R38	 alleles	 of	 Sulawesi	 macaques.	 We	 tested	 the	




showed	 a	 significant	 dose-dependent	 response	 to	 PTC,	 and	 the	
EC50	 values	 (EC50	 =	 2.10	±	0.46	 for	 haplotype	A	 and	1.22	±	0.37	
for	haplotype	N)	were	consistent	with	those	for	TAS2R38	of	M. fus-












4.1 | Functional divergence of TAS2R38 in Sulawesi 
macaques
We	observed	functional	divergence	of	Sulawesi	macaque	TAS2R38	
with	 respect	 to	 responses	 to	 PTC.	 Most	 Sulawesi	 macaques	 are	
PTC-sensitive,	 similar	 to	 other	 macaque	 species	 (Chiarelli,	 1963;	
Suzuki-Hashido	et	al.,	2015).	We	also	observed	PTC-non-sensitive	
phenotypes	which	 caused	 by	 truncated	 protein	 in	 some	 individu-
als	in	two	species	of	Sulawesi	macaques,	M. nigra	and	M. nigrescens. 
Protein	 truncations	 resulting	 in	 a	 lack	 of	 sensitivity	 also	 exists	 in	
other	 primate	 species,	 such	 as	 chimpanzees,	 Japanese	 macaques,	
and	 some	 species	 of	 New	 World	 monkey	 (Suzuki	 et	 al.,	 2010;	
Wooding,	 2012;	Wooding	 et	 al.,	 2006).	 These	 results	 confirm	 the	
high	divergence	of	TAS2R38.
In	 addition	 to	 the	 nonsensitive	 alleles	 of	 M. nigra	 and	 M. ni-
grescens,	 which	 encode	 truncated	 TAS2R38	 receptors,	 we	 found	




The	amino	acids	responsible	for	low	sensitivity	in	M. tonkeana were 
located	in	transmembrane	domain	3	(TM3;	amino	acid	117)	and	the	




























4.2 | Haplotype network and TAS2R38 divergence 
in Sulawesi macaques
A	 haplotype	 network	was	 constructed	 from	 136	 alleles	 (Figure	 5).	
Hap_01	 [hap_A]	was	shared	between	 four	 species	of	Sulawesi	ma-
caques.	This	may	be	the	ancestral	haplotype	of	Sulawesi	macaques.	
We	found	one	haplotype	that	was	shared	between	M. tonkeana	and	
M. nemestrina	 (h_23	 [haplotype_Q]).	 A	 haplotype	 of	M. nemestrina 
(h_30	[hap_MnA])	was	also	closely	related	to	two	clades	of	Sulawesi	
macaques	(h_1	[hap_A]	and	h_23	[hap_O]).	These	results	imply	that	
h_30	 [hap	MnA],	h_01	 [hap_A],	and	h_23	 [hap_Q]	are	most	closely	
related	 to	 the	 ancestral	 haplotype.	 It	 is	 not	 clear	whether	 the	 an-
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consistent	with	those	of	previous	studies	indicating	that	the	ances-
tor	of	Sulawesi	macaques	is	closely	related	to	M. nemestrina	(Evans,	





and	 M. nigrescens	 (hap_02	 [hap	 A],	 hap_11[hap_F],	 and	 hap_20	
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[hap_O]).	There	was	only	one	shared	haplotype	between	M. tonkeana 
and	M. hecki	 (hap_14	 [hap_I]).	 Shared	haplotypes	may	 reflect	 geo-
graphical	proximity	and	may	predate	the	speciation	event.	The	net-
work	also	contained	many	haplotypes	specific	to	individual	Sulawesi	




Sulawesi	macaques,	which	 inhabit	 an	 island,	possess	high	hap-




























M. tonkeana hap N
Sulawesi macaque hap A
M. tonkeana hap Q
M. tonkeana hap R
M. nigra hap T
M. nigrescens hap U
M. nemestrina hap MnA

























































































































(    ) Amino acid haplotype




Riley,	2007).	TAS2R38	variation	 results	 in	a	 range	of	 responses	 to	
dietary	 sources	 of	 bitter	 compounds	 and	 facilitates	 adaptation	 to	
limited	food	resources	in	each	habitat.	With	respect	to	nondietary	
biological	processes,	previous	 studies	of	humans	have	 shown	 that	
TAS2R38	 is	 involved	 in	 innate	 immunity	 (Lee	 et	 al.,	 2012).	 Thus,	
TAS2R38	 variation	may	 also	 have	 a	 role	 in	 the	 immune	 response	
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TA B L E  3  Frequency	haplotype	for	each	Sulawesi	macaque	species
No
Amino acid 
haplotype Nucleotide haplotype M. nigra M. nigrescens M. hecki M. tonkeana M. nemestrina
1 A Hap_01 0.10 0.125 0.15 0.042 0
2 Hap_02 0.10 0.208 0.2 0 0
3 Hap_03 0 0 0.025 0 0
4 Hap_04 0 0 0.125 0 0
5 Hap_05 0 0 0 0.042 0
6 B Hap_06 0.033 0 0 0 0
7 C Hap_07 0 0.042 0 0 0
8 D Hap_08 0 0 0.1 0 0
9 E Hap_09 0 0 0.025 0 0
10 Hap_10 0 0 0.025 0 0
11 F Hap_11 0.067 0.292 0.1 0 0
12 G Hap_12 0 0 0.1 0 0
13 H Hap_13 0.033 0 0 0 0
14 I Hap_14 0 0 0.1 0.167 0
15 J Hap_15 0 0 0 0.042 0
16 K Hap_16 0.033 0 0 0 0
17 L Hap_17 0.033 0 0 0 0
18 M Hap_18 0 0 0 0.042 0
19 N Hap_19 0 0 0 0.125 0
20 O Hap_20 0.20 0.250 0.050 0 0
21 Hap_21 0.10 0 0 0 0
22 P Hap_22 0 0 0 0.042 0
23 Q Hap_23 0 0 0 0.083 0.0625
24 R Hap_24 0 0 0 0.333 0
25 S Hap_25 0 0 0 0.083 0
26 T Hap_26 0.167 0 0 0 0
27 Hap_27 0.033 0 0 0 0
28 Hap_28 0.10 0 0 0 0
29 U Hap_29 0 0.083 0 0 0
30 MnA Hap_30 0 0 0 0 0.25
31 MnB Hap_31 0 0 0 0 0.063
32 MnC Hap_32 0 0 0 0 0.063
33 MnD Hap_33 0 0 0 0 0.063
34 MnE Hap_34 0 0 0 0 0.438
35 MnF Hap_35 0 0 0 0 0.063
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M. hecki 20 40 11 11 0.00263 0.06146 >.10 0.89754 >.10 0.73911 >.10
M. tonkeana 12 24 13 10 0.00334 −0.13657 >.10 −0.5602 >.10 −0.50497 >.10
M. nigrescens 12 24 5 7 0.00174 0.87398 >.10 0.33154 >.10 0.56433 >.10
M. nigra 15 30 16 12 0.00219 −1.55972 >.10 −1.05583 >.10 −1.42581 >.10
M. nemestrina 8 16 4 7 0.0009 −0.79276 >.10 −1.52158 >.10 −1.51891 >.10
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